such trees is affected strongly by deer browsing, damping off, small mammals, and other predators such as insects 1 22 27 .
In addition to those mortality factors, the conditions of each seedling may also affect its survival, e.g., the germination phase, light conditions, and vegetation density. Several studies have demonstrated an advantage of early germination on seedling survival over late germination 1 2 10 27 32 . In deciduous forests, the forest canopy becomes closed during leaf flushing; therefore, there is a seasonal limitation on the available resources in the understory (i.e., ephemeral light). Early germinating seedlings, therefore, can utilize these limited resources efficiently and grow sufficiently during the early growing season 28 . An advantage of early germination may be detected if the timing of seedling germination is related to the resistance to mortality caused by pathogens and or the preferences of predators such as small rodents 1 13 27 . Madsen reported 17 that emerged beech seedlings (Fagus sylvatica L.) were browsed immediately by deer, which suggests that the advantage of early germination may not be maintained if deer browse severely. However, the relationship between the effect of deer browsing and the timing of germination on seedling survival remains unclear.
Observational study was, then, conducted to trace the demography of woody seedlings at cool-temperate natural forest in central Japan. Browsing pressure from Sika deer (Cervus Nippon Temminck) has increased since, at least, the last two decades 5 11 20 . Using a dominant tree species, Fagus japonica Maxim., we monitored the date of seedling germination and its subsequent fate inside and outside deer exclosure. We tested the advantage of early germination considering the effect of the presence of deer. We asked the following questions. What was the limiting factor for germinated seedlings and what was its effect on seedling survival Was seedling demography, especially the advantage of early germination, affected by deer browsing
Materials and Methods

Study species
Japanese beech, F. japonica, is a deciduous broad-leaved tree. It is mainly distributed in the cool-temperate forests of Pacific Ocean-type regions. In central Japan, F. japonica is one of the dominant species in climax forest, together with Fagus crenata Blume, which is another Japanese beech species, and a coniferous tree, Tsuga sieboldii Carrière. These two beech species are well-known of exhibiting a habitat of mast seedling at intervals of several years. Mature seeds are mainly dispersed by gravity and germinate during the next spring. After germination, the seedling establishment process of beech is strongly affected by multiple limiting factors, especially during the initial growth period. Seedling mortality seems to be high under a closed canopy or dwarf bamboo layer because of their light demand and susceptibility to pathogenic fungi. Predation by small mammals, other vertebrates, and insect larvae also increase the mortality of beech seedlings. Therefore, the seedling recruitment of F. japonica is highly limited in natural stands 8 ) quadrats, which were divided by steel wires into 10-cm sections, for monitoring. Sixteen and one hundred quadrats were installed in the fenced and open plots, respectively, to cover approximately 1 of each plot area. All of the quadrats were fixed to the ground using steel pegs for identifying the locations of seedlings accurately. In the open plot, four quadrats were set around the center of each subplot. Data from these four quadrats were combined and treated as the subplot data with four replications. In the fenced plot, the location of each quadrat was selected at random and was sufficiently apart from other quadrats. Thus, we treated one quadrat as one subplot in the fenced plot.
Seedling census and measurement
We conducted a seedling census by visiting each quadrat to monitor newly emerged seedlings and the seedling conditions, i.e., survival death and the growth stage transition of each seedling in the quadrats. This census was performed more than once per week during April and May, every 2 weeks from June to August, and every 4 weeks from September onward. The seedling census was continued until December 4, 2006. During each seedling census, seedling mortality was classified into four categories: (i) total loss, (ii) cut off, (iii) damping off, and (iv) desiccation. Total loss indicated that the whole seedling was lost or vanished without trace, presumably attributed to deer browsing because this process was dominant only in the open plot not in the fenced plot. There was no considerable explanation for total loss other than deer browsing. Among four categories, a small number of vanished seedlings were observed in the fenced plot, indicating there was a little unknown mortality in total loss category. Cut off indicated that the hypocotyle or epicotyle (or root in some cases) of the seedling was cut off, and or that the apical meristem of the seedling was cut by herbivory. The former case was presumably attributed to rodent attack, whereas the latter case was attributed to insect herbivory, such as larvae. Seedlings killed by fatal disease caused by pathogenic infections were classified as damping off, i.e., necrosis in the axis. Seedlings killed by drought or desiccation during the early root elongation phase were classified as desiccation. The number of seedlings killed by each mortality factor was calculated daily on the basis of the number of killed seedlings and the period between two serial surveys (i.e., days). The time series changes in these daily mortality rates during the seedling census period represented the seasonality of each mortality factor.
We measured the light conditions in each subplot as a possible environmental condition related to seedling survival. Hemispherical photographs were taken 1 m above the ground three times during the spring to correspond to the timing of bud flush in the canopies of the tree species, i.e., from mid-April to early May during 2006. Photographs were taken at the center of each subplot in the open plot (n 25) and at the same position in each quadrat in the fenced plot (n 16). The degree of canopy openness ( ) for each measurement was calculated using CanopOn 2 (http: takenaka-akio.cool.ne.jp etc canopon 2 ). We also took photographs after leaf unfolding in the tree canopy and calculated openness, but we did not use these data in the analysis because the forest canopy was closed evenly without any gaps in the two study plots.
Data analysis
We tested the differences in total mortality at the end of initial growth season in the open and fenced plots using a chi-square test.
Before the seedling survival was assessed, the difference in spring light conditions between the two plots was checked by analysis of variance (ANOVA), as a proxy of the comparison of the abiotic environments between them. Canopy openness was used for ANOVA considering the differences in the sites and the dates when the data were recorded. As a representative value of the spring light conditions, the average canopy openness during three measurements was defined as spring canopy openness in the present study.
We assessed the relationship between the timing of seedling germination and its survival and its difference between the two plots. We considered the effect of the timing of germination on seedling survival (i.e., whether early emergence was advantageous) together with the effects of other possible factors, i.e., spring canopy openness and total density of emerged seedlings. A generalized linear model (GLM) was constructed using the dependent variable of seedling survival (survived or dead) throughout the initial year. Thus, GLM was employed using a binomial error structure with a logit link function. The independent variables were the timing of germination of each seedling (the first census date recorded), spring canopy openness in the corresponding subplot, total density of emerged seedlings in the corresponding subplot, and category of the plot (open or fenced). The following function was constructed as the full model:
plotk , where Survivalijk is the probability of survival throughout the initial year for the ith seedling in the jth subplot of the open fenced plot, datei is the timing of germination for the ith seedling, lightj is the spring canopy openness in the jth subplot, densityj is the seedling density of the jth subplot, and plotk indicated whether the plot was the open or fenced plot. We considered the possibility of optimum values for datei, lightj , and densityj for seedling survival; therefore, squared values were included in the full model. We assumed that the effect of the plot on seedling survival would be included in the differences of the effects of these candidate variables; therefore, plotk was set as the interactions of all variables. Overall, all variables in the full model (six in total, including the squared values) had interactions with the type of plot. To exclude variables and interactions that did not affect the goodness-of-fit for the model, model selection was performed using a backward stepwise procedure from the full model. We used Akaike Information Criterion (AIC) to assess the goodness-of-fit during model selection 9 . Finally, the model with the lowest AIC value was selected as the best-fit model. In the best-fit model, if the interaction of plotk was not excluded for variable x, this indicated that variable x was estimated as better with different parameters in each plot, rather than the common parameter in the two plots. Using the output of the best-fit model, we assessed the relative effects of the existence of deer on the advantage of early germination, as well as on the relationships of the light condition and density with seedling survival. All statistical analyses were performed using R 2.12.2 25 .
Results
Demography of both plots
The total numbers of current-year seedlings that emerged in the open and fenced plots were 2,003 and 715, respectively (Table 1) In the open plot, the first two mortality factors in the order of importance were total loss (73.8 ) and damping off (13.7 ), whereas in the fenced plot, they were damping off (79.0 ), cut off (8.8 ) ( Table 1 ). The observed major mortality factors and their effects on seedlings differed significantly between the two plots. Although total loss mortality was also observed in the fenced plot, the proportion (2.1 of all seedlings) was quite lower than that of the major mortality in this plot.
The temporal survival rate in each plot was calculated on each census date, using the total number of surviving seedlings and total number of germinated seedlings in each plot. The seasonal patterns of the survival rates were entirely different in the open and fenced plots (Fig. 1) . In the open plot, survival rate declined sharply from mid-April to mid-May and then again from mid-June to early July. In the fenced plot, however, survival rate decreased sharply from mid-June to early July (Fig. 1) . The difference in the overall period of major mortality in the two plots was also reflected in the seasonal patterns of the daily mortality rates (Fig. 2) . Each of the seasonal patterns was represented on the basis of the daily mortality rates and plots (Fig. 2) . Total loss mortality prevailed from initial emergence of seedlings until mid-June in the open plot. For other types of mortality in the two plots, no differences were observed in the prevailing period between the two plots, i.e., cut off mortality from mid-May to mid-June and damping off from the end of May until August, while desiccation was observed only at the beginning of the growing season (Fig. 2) . In the open plot, even though total loss mortality was main cause of mortality throughout the year, half of the seedlings died from damping off during the prevailing period (48.6 of surviving seedlings between May 20 and August 25, 2006).
Effects of limiting factors on seedling survival
In both plots, the seedlings emerged continuously for over 2 months from mid-April until the latter part of June. The observed final seedling emergence differed between the two plots, i.e., June 19 and 29, 2006 , in the open and fenced plots, respectively, but the peak emergence time was the same in both plots, i.e., the first 3 weeks of the emergence period.
Of Table 2 ). The best-fit model did not exclude any independent variables, but it excluded some interactions with the plot during the model selection procedure. The best-fit model had interactions with the plot in the intercept and the following variables: the squared value of timing of germination, the spring canopy openness and its squared value, and the squared value of seedling density. All three factors (timing, light, and density) had interactions, at least with the squared values; therefore, the effects of these factors on seedling survival were estimated to be different between the plots. However, the effect of light on the survival of seedlings in the fenced plot was not important because it has no significant coefficients with spring canopy openness or the squared value (Table 2) .
To quantify the effect of each factor on seedling survival and to identify its pattern, we calculated the probability of survival for the range of the corresponding factor (Fig. 3) . Different effects were estimated for all factors; therefore, the probabilities of all factors were calculated separately for the open and fenced plots. For the timing of germination (Fig. 3  a) , a distinct difference was observed in the pattern of probability change between the two plots. An advantage of early germination was detected in the fenced plot, whereas early and late timing of germination were disadvantageous compared with intermediate timing of germination in the open plot. For the light conditions (Fig. 3b) , the optimum condition was estimated when the probability of survival was highest in the open plot. It should be noted that the coefficients of the light conditions in the fenced plot were not significant although the estimated probability was shown based on the light conditions in the fenced plot (Fig. 3b) . For seedling density (Fig. 3c) , the effect was apparent in the open plot but not in the fenced plot. The survival rate in the open plot was estimated to be high in the order of high, low, and intermediate amount of seedling densities. ) . No factors were excluded by the procedure of model selection, however the interactions were. As shown in the second column, when the interactions were excluded in each factor (as shown in the second column in the table as ), one common coefficient was estimated for the two plots. The model equation is described in the Materials and Methods section. , and (c) show the probability changes based on timing of germination (date), spring canopy openness of each subplot, total density of germinated beech seedlings in each quadrat, respectively. In each graph, the x-axis has been adjusted to the minimum and maximum values, while the other two factors that were not of interest were fixed as the average values (e.g., in graph a, the average values were used for light and density).
Discussion
Mostly emerged seedlings of Japanese beech (F. japonica) died during the first growing season. In our observational study, the distinct difference in seedling demography was detected between the open and fenced plots. Although the plot design in the present study did not contain true replication, our research supplemented this shortcoming by using monitoring quadrats, which were placed to cover each plot thoroughly, and these two plots were located on the same forest floor on a mountain slope. The fence did not exclude small rodents and or insects but deer. Thus, there is no reason to interpret the observed differences between the open and fenced plots as the presence or absence of the impact of deer. We discuss the impact of deer on seedling demography as follows, possessing the reproducibility of our findings in a future study.
Impact and seasonality of mortality
The survival rate of beech seedlings in the first growing season was 4.7 times higher in the fenced plot (9.4 ) than in the open plot (2.0 ; Table 1 ). The main form of mortality in the open plot was total loss mortality, which was presumably due to deer browsing. This indicated that the presence of deer and their direct browsing strongly affected seedling establishment as a severe limiting factor, even with the plentiful input of masting (production of many sound seeds) from beech trees. These results were consistent with those of previous studies using deer exclosures, most of which examined seedlings of Fagus species 4 16 21 24 30 31 . Beech seedlings are preferred food items for deer, and the seedling recruitment of beech species is hampered by constant herbivory by deer 24 . Our previous work also indicated the vulnerable recruitment of two beech seedlings of F. japonica and F. crenata at the deer dominant sites 8 .
Moreover, the survival curves and daily mortality rates throughout the growing season demonstrated clear seasonal differences between the plots (Figs. 1 and 2) . The frequent monitoring data showed that the mortality factors in both plots, including deer-related mortality in the open plot, had seasonal trends. For example, total loss mortality predominated during the early growth season (from April to midMay; Fig. 2 ), whereas damping off mortality was most common in the rainy season (from June to August; Fig. 2) .
A concentrated occurrence of total loss mortality during the early growing season appeared to be unreasonable because deer were still present after June in the study area, according to route-census surveys 15 . However, it would be reasonable when we consider the relative attraction of germinated seedlings as food for deer. Shrub vegetation was poor on the forest floor in the early spring, and the germinated beech seedlings derived from the mast year were relatively large size because of the large size of seeds 1 ; therefore, they were familiar vegetation during this season. The lack of dwarf bamboo cover in our study area also meant that the germinated seedlings were completely exposed to predators. Thus, the seedlings were browsed severely by deer, and they were valuable food items in the early season, as noted by Madsen 17 . During May-June, leaf unfolding (flushing) led to an increase in the available forage biomass, which also reduced the relative importance of germinated beech seedlings. Thus, deer shifted their food preferences from beech seedlings to more plentiful vegetation types 23 . Therefore, a clear pattern of deer browsing was observed during the early growth season in the present study.
In the open and fenced plots, damping off mortality predominated during the rainy season (June to August), and the temporal mortality rates were 77. 7 and 86.5 , respectively. Despite the high mortality rate during the rainy season, the relative importance of damping off in total mortality rate throughout the year was different between two plots (Table 1) , and the impact of deer browsing might have accounted for this difference. The damping off was mainly caused by pathogenic infection via fungus Colletotrichum dematium (Pers.) Grove. (according to the isolation of the mycelium by Dr. T. Yamada). The similar results to our study was reported in a previous study of F. crenata 27 . This is a well-known mortality factor because of the high humidity in the rainy season, which allows the pathogenic fungus to spread rapidly among the beech seedlings 18 , causing fatal necrosis 27, 29 . In the present study, damping off caused by pathogenic fungi was the major limiting factor for currentyear seedlings during the rainy season, especially at the site under the absence of deer. Desiccation mortality also had the seasonality at the early germination phase; however the relative impact as a total mortality showed the disparity between two plots (Table 1) . This desiccation occurred due to the failure of root elongation depend on the condition of forest floor as well as weather condition. It was suggested that increasing the number of desiccation in the open plot might relate to the indirect effect of deer, because the surface of forest floor tended to be disturbed by the frequent deer activities where the slope was relatively steep (approximately 33 in our studied area).
Survival advantage of early germination
The GLM analysis detected a distinct difference between the two plots for the effect of the timing of seed germination ( Table 2, Fig. 3) , which was associated with the seasonality of each dominant mortality factor. In the fenced plot, the early timing of germination was significantly advantageous for survival (Fig. 3) . This advantage for woody seedlings was explained by avoiding mortality due to the pathogenic infections 2 10 28 and predators, such as small rodents 1 . The light conditions of the forest floor are reduced from spring to summer in the temperate deciduous forests; therefore, the available resources for seedlings are highly ephemeral. Seedlings grow at a higher rate and make their transitions among growth stages (develop to the true leaf stage) earlier under highly ephemeral light conditions than under poor light conditions 28 . Sufficient growth before leaf unfolding in the canopy may allow seedlings to resist infections by pathogenic fungi 27 28 . Therefore, the timing of germination affected seedling survival via their growth during the early spring season and following pathogenic infection. In our study, early germinating seedlings in the fenced plot may have avoided pathogenic mortality in the same manner. In contrast to the results of previous studies 1 2 10 28 and the results obtained in the fenced plot, there was no early emergence advantage in the open plot (Fig. 3) . However, the disadvantage of later timing of emergence detected in the open plot was consistent with the result of the fenced plot, because of the higher susceptibility to fungal infection as described above. It was suggested that the impact of deer browsing was severe in the early growth season for flushed seedlings and or saplings in the cool-temperate forests 17 ; the browsing pressure was high in the early growth season (primarily from April to May) at the studied area where there was small vegetation in winter. Therefore, early germinated seedlings were exposed to a high browsing pressure for a longer period than late germinated seedlings. We found that total loss mortality was the highest in the early growth season (Fig. 2) , which may have overwhelmed the advantage of growth during the early season. Late germinated seedlings released from deer browsing, but they experienced the high risks related to other mortality factors, especially damping off caused by the pathogenic fungi. Beech seedlings in the open plot appeared to be faced by the dilemma of the most suitable timing for germination, relating to a risk of predation and a chance of growth. As a result, the disadvantages of early and late emergence allowed intermediate emerging seedlings to survive at significantly higher rates (Fig. 3) . Therefore, beech seedlings would experience no survival advantages of early germination unless there is a low abundance of deer in the area or a plentiful alternative food supply for deer in the early growth season of April and May.
Conclusions
We performed frequent monitoring of current-year beech seedlings in a cool-temperate natural forest with deer browsing pressure. Seedling demography from germination during the first growing season was compared inside and outside a fenced deer exclosure, which was established before seedling germination. In the presence of deer, seedling survival decreased and seedling demography also changed compared with that in the absence of deer. Seedling mortality due to deer browsing was the major cause of mortality, and it was concentrated in the early growth season. Therefore, the advantage of the timing of germination for seedling survival would be affected by deer; an advantage of early germination was not observed outside the fence, whereas an advantage was observed inside the fence. More experiments are needed to verify our observations, but the seasonal browsing habit of deer was indicated to affect the seedling bank quantity and the condition of surviving seedlings.
